From the historic and simple assessment of temperature by the clinical thermometer, modern infrared technology has opened up new perspectives, especially in the use of thermal imaging to map body surface temperature with a remote sensing camera. Since the 1960s, there is now a greater understanding of thermal physiology and the relationship between skin temperature and blood perfusion. Furthermore, the examination technique, and the advantages of computer-aided digital imaging has greatly improved the reliability of this technology in medicine. Studies in diabetology have shown the value of this new facility and its relevance to clinical assessment of peripheral perfusion and tissue viability.
Introduction
The association between disease and temperature is as old as medicine itself. However, the early physicians had only primitive means of assessing the presence of fever in their patients, mostly by using the natural sense of touch. From the 17th century onward, thermometers were developed, but it was not until the 18th century that Dr. Carl Wunderlich in Leipzig, Germany, systematically studied the course of temperature in his patients and could monitor the progress of fever. He developed the clinical thermometer that has been used universally in medicine for some 200 years. 1 The last half century has brought dramatic changes in the way in which the human body can be investigated. In particular, we now have many different imaging techniques. Initially, the microscope, followed by radiology with the use of X rays, were the most useful tools in medicine. Today, a wider range of different physical energies from ultrasound to magnetic resonance is available that opens up greater opportunities for diagnostic imaging.
Thermal imaging is a technique that uses infrared radiation but is not widely used in routine medical diagnostics. First uses were made in the 1960s, with large and noisy scanners. These were employed in some research studies and applied to the noninvasive study of human skin temperature. 2 The human body is an efficient thermal system. We are entirely dependent on the ability of the body to self-regulate human body temperature. Vital organs are dependent on regular perfusion of blood carrying oxygen, and our ability to survive in arctic or tropical conditions is dependent on the adjustments in human circulation to the organs of the body, of which the heart is the central pumping mechanism.
One of the key factors in thermoregulation of the human body is the skin, which is the dynamic interface between the body and its environment. In excessive heat, the need to lose heat is accelerated by sweating, which evaporates and cools the skin. In very cold conditions, the peripheral blood vessels constrict, reducing the opportunity for blood cooling at the body surface. 3 Infrared thermal imaging, unlike many other imaging techniques used in medicine, is not an internal imaging system for anatomical information. The human skin surface is a highly efficient radiator, with an emissivity of 0.98. A perfect black body radiator is considered to be at unity, meaning the ability to absorb and radiate are maximal. 4 Infrared imaging therefore provides information on skin temperature distribution. Since the environment in which the human body is situated will affect this, it is obviously vital that conditions for any examination using this method must be as neutral as possible, and standardized. 5 Great progress has been made both in the understanding of the physiological conditions required to harness this technique as a medical investigation and in the technology itself.
The early scanning cameras were not as reliable or stable as those available today. Images of heat distribution, where white represents hot and black represents cold, were obtained. Two important factors in the creation of such images are thermal and spatial resolution. The former is the ability of the imaging system to discriminate between small areas of differing temperatures, and the latter relates to image quality. To overcome the slow scan speed often required with the earlier camera systems, multi-element detectors were introduced. However, there was still a compromise needed between high speed and low resolution or low speed to obtain high resolution. 6 Modern thermal imaging cameras now provide high speed and high resolution. Furthermore, the stability of the earlier cameras has improved dramatically, and calibration of the imager against a stable temperature reference can be achieved to ensure reliability. This is of particular importance when repeated investigations are made with this technique. 7 One great advantage of thermal imaging is that it is both noncontact and noninvasive. By remote temperature sensing, the camera is merely receiving the natural thermal energy emitted by the body. Since no harmful energy is used in the imaging process, it is very suitable for repeated investigations over time.
Thermal Imaging Technique
All medical imaging procedures have benefited from the use of modern digital technology. A reliable thermal imaging system will be used online with a computer that will be operating specialized software. This will be able to indicate to the operator when the camera is stable and ideally will provide confirmation from a temperature reference source that the calibration is at the correct level. The examination should be performed in a temperature-controlled environment with a humidity of <50%. The disrobing cubicle should also be at the constant temperature, which is typically 22 ºC (70 ºF). A period of thermal equilibration is required before any imaging takes place, and this can be variable depending on whether peripheral or trunk areas are to be examined. Fifteen minutes is quite often found to be adequate to at least achieve a reasonable level of stability in blood pressure and skin temperature.
In a clinical setting, the ideal camera will be mounted on a parallax-free stand (not a tripod) to ensure that positioning is reproducible and free from unwanted angles between the patient and the camera.
A series of standard images of the body regions required for the investigation are obtained within minutes, since almost all modern cameras are real time. The images are stored on the computer to be analyzed by the image processing software. Standardization of image capture can be improved by the use of software masks providing an outline of the region, e.g., both dorsal hands (Figure 1) . By this means, the camera is moved closer or farther from the patient until the image fits the outline mask. Subsequent images from the same patient will therefore be at a constant distance and position. A series of such masks were developed at the University of Glamorgan to assist practitioners (Figure 2) .
After the images have been captured to the computer, the analysis of temperature distribution is made by selecting regions of interest, followed by a statistical measure of the thermal data. 8 These may also be preformed in the software, or the operator draws the region according to protocol, using anatomical points to delineate the area required. Drawing regions of interest from memory can be another source of error, and when serial images are required, the variance can be up to 10%, even in so-called expert thermographers. Most software systems for thermal imaging provide basic image analysis based on mean maximum and minimum temperature. Real-time temperature changes, if required, such as recovery from a cold challenge, will require the patient www.journalofdst.org J Diabetes Sci Technol Vol 4, Issue 4, July 2010 to remain as still as possible, and most procedures used limit the length of time to a practical level, such as 10 minutes. 9, 10 Thermal Imaging Applied to Diabetic Diseases Skin temperature, the information that can be investigated by this technique, is dependent on blood circulation. In ischemic conditions, where blood perfusion may be reduced, especially at the periphery of the human body and limbs (hands and feet), reduced temperature may be found. This requires a period of stabilization, where the patient is resting in the stable room temperature (and low humidity) for some 15 minutes prior to examination. During this time, areas of the body to be examined must be unclothed.
In many situations, it can be more useful to apply a challenge to the peripheral circulation and skin region. This can be chemical, mechanical, or thermal. In the latter case, a widely used test is the cold challenge test.
Here the dorsal surface of the hands is imaged after the period of stabilization, and more than one image may be recorded to establish this. Hands are then covered with thin plastic gloves and given timed immersion in water (often 20 ºC) for 1 minute or longer. After removal of the gloves, the hands are then followed for thermal recovery by a series of thermal images at fixed time intervals (Figure 3) . Rapid recovery in a time such as 10 minutes postcooling by immersion usually indicates a normal response. Some may produce overspill of recovery, reactive hyperemia, where fingers become hotter for a time than the rest of the hand. A delayed and protracted recovery, leaving fingers colder than before immersion, may be typical of Raynaud's phenomenon and may be a feature of another condition such as rheumatoid arthritis or diabetes mellitus (Figure 4 ). An advantage of thermal imaging is that this test can be graded for severity by quantification, and the effects of any prescribed medication to improve the symptoms can be measured.
Brånemark and colleagues 11 noted characteristic abnormalities in the thermal patterns over the hands and feet of 16 diabetes patients with and without vascular complications. They concluded that thermography was a useful technique for the study of circulation and metabolism in diabetes. Cold stimulation was used by Jiang and associates 12 in 2003 to assess metabolic status in diabetes, which they considered to be highly specific. In another study of 60 patients, Marcinkowska-Gapińska and Kowal 13 analyzed the rheological parameters of blood in 18 diabetes patients and compared them with a group of 20 postmyocardial infarction patients, the remainder being healthy controls. They compared the results with the skin temperature data obtained by thermography. Using a cold stress at 20 ºC, a Japanese study found a high correlation between the thermal recovery measured by thermography and laser Doppler flowmetry at the feet. 14 From these studies, the different authors all found that infrared thermography was a valid measure of skin temperature that directly related to peripheral circulation, especially after the application of a mild cold stress to the extremities.
In diabetes mellitus, circulatory dysfunction can occur in the feet as well as hands, which can lead to skin ulceration (Figure 5) . Thermal imaging has been used as one method to monitor skin temperature in the area of ulceration, which again can be a means of assessing the efficacy of treatment used to improved the perfusion to the affected limb. The allocations of thermography and thermometry in lower extremity wounds and the associated vascular complications have been reviewed by Bharara and coworkers, 15 who also studied the low-cost technology of contact liquid crystal thermography.
Fushimi and colleagues 16 proposed a new index of autonomic neuropathy in diabetes mellitus by using a warm water bath immersion for one leg while studying the other using infrared thermography. They noted that thermography was one of the most reliable, reproducible, and noninvasive methods for detecting and monitoring sympathetic abnormalities in this disease. Early diagnosis of neuropathic joint disease is important and provides the opportunity to introduce prompt protective treatment. A group of orthopedic surgeons successfully used thermography to detect early presence of warmth associated with early neuropathic disease and concluded that infrared thermography was a reliable diagnostic tool in this application. 17 Thermal symmetry in the feet is a normal finding in healthy subjects. It is interesting to note that some studies have been performed with low-cost radiation thermometers. Lavery and associates 18 carried out a clinical trial involving 173 diabetes patients with a history of ulceration. The patients were instructed to self-monitor by measuring temperatures on the great toe; first, third, and fifth metatarsal heads; midfoot; and heel on a regular basis. They were instructed to call the study nurse if a temperature difference of 4 ºF was found. Over 50% of patients did call the nurse, and 8% of them went on to develop ulcers. In another study, Armstrong and coworkers19 evaluated the effectiveness of home temperature monitoring over an 18-month period with a randomized controlled trial involving 225 patients. They also found that 8.4% ulcerated over the study period. Those patients who ulcerated had a temperature difference that was 4.8 times greater at the site of ulceration in the week before the ulcers appeared than did a random seven-consecutive-day sample of 50 other subjects who did not ulcerate. These studies clearly demonstrate that high temperature gradients between feet may predict the onset of neuropathic ulceration and that simple temperature measurements recorded in home monitoring is of benefit in the management of these patients.
Some early work was carried out in Scotland to assess the use of infrared thermography in the determination of amputation level in those patients whose limbs could not be saved. Spence and colleagues 20 studied 104 patients with ischemic limbs prior to amputation in 1981 and concluded that the thermographic method as they described was a reliable indicator of the tissue viability and could be used to indicate the level of a major limb amputation. In a later paper in 1984, they discussed three methods in use for amputation level assessment: partial oxygen pressure, skin blood flow, and infrared thermography. 21 One group, that compared thermography with Doppler flowmetry and clinical judgment of an experienced surgeon, did not support their findings. Their conclusion was that the experienced surgeon was the most reliable method and that other methods are only an adjunct to clinical assessment. 22 However, these earlier studies were not based on the modern and improved camera technology, which, combined with good technique and computer-aided image processing, is now known to provide improved data.
Conclusions
Infrared thermal imaging, also referred to as thermography, is a reliable noninvasive technique for imaging skin temperature distribution. When used in a stable environment, it has been shown to be useful in the assessment of tissue viability and peripheral circulation applied to diabetes mellitus. It is especially suitable for serial measurements used in the follow-up of response to treatment. 
